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SUMMARY 


A systematic acoustic data base and associated flow data were used in 
identifying the noise generating mechanisms of upper surface blown flap con- 
figurations of short takeoff and landing aircraft. Theory is developed for the 
radiated sound field of the highly sheared flow of the trailing edge wake. An 
empirical method is also developed using extensive experimental data and physi- 
cal reasonings to predict the noise levels. 

INTRODUCTION 


It is clear from previous investigations (refs. 1-3) that most of the far- 
field sound field of upper surface blown flap configurations of STOL aircraft 
is from the interaction of turbulent jet flow .sith wing and flap surfaces. 
Analysis of the sound produced by interaction between turbulent flow and rigid 
surfaces, starting from the first principles, is very difficult if not impos- 
sible. Therefore, it is necessary to rely upon experimental data. Using the 
flow and noise data generated from a systematic experimental program at 
Lockheed under contract to NASA-Langley , the noise characteristics of USB are 
defined. The important source from a community standpoint is identified as the 
noise generated in the vicinity of the traili^'g edge. Therefore, theoretical 
analysis is performed for the sound field produced by the flow in the trailing 
edge wake, where the velocity gradient and turbulence intensity are large, using 
experimentally obtained flow characteristics. An empirical method is also 
developed using the noise data base and physical arguments which may be used to 
predict the noise levels — at least until the theory is developed further, 
addition, a brief discussion of the effect of aircraft motion and noise 
suppression is presented. 


*Fe8earah performed under MSA Contract NASl-13870. 

**Professor, Department of Mathematics, Florida State University, Tallahassee, 
Florida. 
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NOISE MECHANISMS 


The aerodynamic noise produced by the upper surface blown flap (USB) system 
may be summarized and Idealized as the noise generated by the interference of a 
turbulent jet with finite rigid surfaces. Based upon the experimental and theo- 
retical investigations, it is hypothesized that the propulsive lift related 
sound may be attributed to eight possible sources which differ in their geomet- 
ric location and noise generation and propagation mechanisms. These sources are 
illustrated in figure 1. 


Engine Internal Noise 

Noise generated within the engine, which includes fan, compressor, and 
turbine noise, is known as internal noise. This propagates in the forward as 
well as in the aft directions. The forward-radiated noise is not peculiar to 
USB configurations, but most of the aft-radiated sound is shielded from the 
community by the wing and flap. This subject is really .beyond the scope of 
this paper and thus will not be discussed in any detail. 


Jet Mixing Noise 

The jet flow prior to its impingement is defined as the USB jet mixing 
region. The noise generrted in this region is called jet mixing noise. The 
fundamental flow mixing is modified by the presence of the rigid surface. 
Therefore, the noise generation process of flow mixing in this region may not 
be the same as free jet mixing without the presence of the wing. In the case 
of USB, however, this region of free jet mixing is close to the nozzle exit and 
above the wing. Therefore, most of this noise will be shielded from the com- 
munity by the wing and flap as in the case of engine internal noise. 

Jet Impingement Noise 

When the jet is deflected onto the wing from an elevated position, as in 
the case of pylon-mounted engines, the jet exhaust flow impinges on the wing 
surface. This turbulent flow impinging on the surface generates additional 
noise generally known as "impingement noise." Even though the strength of this 
source could be significant (depending on the configuration), the radiated sound 
from this source below the wing for a typical aircraft configuration may be 
negligible because of its geometric location. In certain extreme cases, this 
noise may radiate toward the forward quadrant. 


Wall Jet Boundary Layer Noise 

The wall jet boundary layer on the wing and flap surface will have a high 
mean shear and can produce a high turbulence level, and noise is thus generated 
by the induced fluctuating pressures on the surface. The contribution of this 
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wall jet boundary layer noise to the community is very small because (1) the 
volume of turbulence of boundary layer is small compared to the volume of other 
noise-producing regions, and (2) the noise is generated above the wing and 
therefore shielded by the wing/flap. 

Wall Jet Mixing Noise 

The developed wall jet will be formed immediately after the impingement of 
the jet flow on the wing surface. The mixing of jet flow with the entrained 
air in this region results in fluctuating stresses similar to free jet mixing. 
The noise generated in this region is known as wall jet mixing noise. The in- 
troduction of curvature on the surface modifies the wall jet thickness and 
velocity decay rate and amplifies the turbulence levels in the flow. The con- 
tribution of sound from this source is primarily in the direction above the 
wing and possibly in the aft quadrant below the wing. 


Trailing Edge Noise 

Noise generated in the vicinity of the flap trailing edge is generally 
known as trailing edge noise. All the previous experiments and analyses indi- 
cate that the contribution of sound from this source, particularly in the 
direction below the wing, is dominating. However, there is no agreement among 
the various investigators about the noise-generating mechanism. For example, 
Hayden (ref. 4) has hypothesized that the turbulent flow leaving the surface 
at the trailing edge generates a strong dipole source with preferred axis 
perpendicular to the surface. Ffowes Williams and Hall (ref. 5), on the other 
hand, analyzed the radiated sound field for quadrupole noise sources in the 
vicinity of the edge of a semi-infinite rigid surface. Both of these analyses 
gave essentially the same directivity and spectral distribution. However, 
closer examination of experimentally obtained, radiated sound field and flow- 
field data indicate that the trailing edge noise could be generated in the 
shear layer of the trailing edge wake. This will be discussed further undc^ 
"Mathematical Model." 


Wall Jet Roll-Up Noise 

It is observed that the jet rolls up a”, the edges of the surface and grows 
as the axial distance from the noz/.le increases. This roll-up phenomenon be- 
comes stronger as the curvature Increases and further amplifies as the aspect 
ratio of the nozzle decreases. The noise generated by this type of flow in- 
stability is known as wall jet roll-up noise. It appears that, for large 
aspect ratio nozzles or for the case where the jet flow spreads fairly well, 
the noise generated by roll-up is small. However, for small aspect ratio 
nozzles, this may not be negligible. 
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Flow Separation Koise 


There are certain operational and geometrical configurations where the jet 
flow can separate before It reaches trailing edge. In fact, separation was ob- 
served In the wind tunnel experiments with forward speed for some cases where 
there Is no separation during static tests. This phenomenon of separation obvi- 
ously generates additional noise as discussed by Slddon (ref. 6). This 
separation noise could be significant in the aft quadrant, depending on the 
separation location. 

In addition to the noise sources discussed so far, there may be acoustic 
feedback mechanisms which can result in large magnitudes of discrete frequency 
noise. Since it is observed that this type of noise is very sensitive to op- 
erational and geometric parameters, it 1.' assumed that these conditions may be 
avoided with a careful design. 


RADIATED SOUND FIELD 


In order to identify the dominant noise source contributing in various di- 
rections, the spatial distribution of the one-third octave spectra is examined. 
Figure 2 illustrates the typical spectra In various directions in the fly- 
over plane. It may be observed that, as the angle 0 from the forward axis of 
the wing plane increases, the noise levels — particularly In the high-frequency 
range — increase. As we approach the direction above the flap surface (for 0 > 
150°), the noise levels further increase then start decreasing with the 
Increase in 0. From these results and the results presented in the previous 
papers (refs. 7 and 8) and with the assumption that most of the noise generated 
upstream of trailing edge is shielded from radiating below by the wing and flap 
surfaces, it may be conjectured that the trailing edge noise is a dominant 
source from a community noise standpoint. In order to examine this hypothesis 
further, the sound pressure level spectra for different flap angles shown in 
figure 3 are studied. It may be observed that there are two peak sound levels 
at about 0.8 kHz and 2.0 kHz with a dip at 1.0 kHz. This type of spectral dis- 
tribution is consistent with most of the tests, including tests at NASA (refs. 

3 and 9). This observation led some investigators to conjecture that twu 
sources, with low- and high-frequency dominance, contribute to the radiated 
sound in this direction. But closer examination of the experimental data indi- 
cates that the frequencies of these humps and dip are independent of flap 
angle, as shown in this figure, and they are also independent of jet velocity 
as shown in figure 4. It is suspected that the sound generated in the trailing 
edge wake and diffracted by the wing leading edge and rigid surfaces of the 
test rig, such as nozzle flange and the wing/flap end plates (as seen in one 
of the model descriptions of ref. 8), could cause the reinforcement and can- 
cellation of radiated sound at certain frequencies. These possibilities are 
explored further experimentally by using sound absorbent material on several of 
these surfaces. The results are shown in figure 5. As can be seen, the humps 
and dip are eliminated in the frequency range of 500 to 2000 Hz by avoiding 
the surface diffraction. Therefore, it may be inferred that the spectral 
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distribution of radiated sound without diffraction Is broad-band type at least 
in the low-frequency range up to 2000 Hz. 
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From these results, It Is postulated that only the trailing edge is a 
dominant source contributing below the wing, and some of the other aeroacoustlc 
sources discussed in the previous section — including the trailing edge noise — 
could contribute above the wing. Since the noise characteristics below the 
wing are more pertinent from community noise standpoint, further analysis is 
made on the trailing edge noise source. 


MATHEMATICAL MODEL 


A closer examination of the experimentally measured sound and flow field 
revealed that there was no clear-cut evidence to associate the trailing edge 
noise to either dipole model, as depicted by Hayden (ref. 4), or the diffracted 
quadrupole, as formulated by Ffowes Williams and Hall (ref. 5). The typical 
flow characteristics just downstream of the trailing edge wake which are shown 
in figure 6 indicate that the velocity gradient and turbulence intensity are 
very large near the edge. In fact, it may be observed that the turbulence in- 
tensity is maximum where the velocity gradient is maxim.um. Experience tells 
us that the by-product of turbulence generation is noise generation or a noise 
source. Therefore, a mathematical model was developed for the turbulent mixing 
noise of the highly sheared trailing edge wake flow. In this model, the 
sheared flow downstream of the trailing edge is assumed to be locally two- 
dimensional and spatially homogeneous with respect to any plane parallel to the 
shear layer. These assumptions are justified experimentally, as discussed in 
reference 7. In addition, it is also assumed that the fluid within the shear 
layer is incompressible, which is reasonable for the flow velocity very much 
smaller than sonic velocity. With these assumptions and the equations of 
motion (Poisson's equation), the pressure fluctuations associated with turbu- 
lent mixing are found in terms of unsteady velocity components with the use of 
the Fourier transform. This result is then used to form the space-time near- 
field pressure cross-correlation function. Assuming only the shear components 
are important for radiated noise, these terms alone are retained. 

This analysis illustrates that, for a practical upper surface blown flap 
configuration, the turbulent mixing in the vicinity of the trailing edge is a 
dominant noise source. The radiated noise is primarily a function of the flow 
parameters in the trailing edge wake. However, the typical streamwise space- 
time cross-correlation function of fluctuating velocities in the trailing edge 
wake, shown in figure 7, exhibit similar characteristics as in the shear layer 
close to the nozzle exit of the free jet. A function of the following form is 
derived as given by Maestrello (refs. 10 and 11): 
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where (see appendix for additional symbols) 

x«|x' -x"| streamwlse (longitudinal) separation distance 

y. |y. _y..| 
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spanwise separation distance 
lateral measurement locations 
delay time 

longitudinal decay rate of the cross-correlation function 
the shear layer thickness 
maximum velocity in the trailing edge wake 
eddy convection velocity 

scale of anisotropy (ratio of longitudinal to the lateral 
length scales) 

transverse correlation function of zero time delay 

the empirical constants to describe the shape of the 
power spectrum of the fluctuating velocities 


The tar-field sound pressures were calculated by considering the fluctuat- 
ing pressure components with supersonic p!iase velocity as given by Tam (ref. 
12). The detailed discussion of the analysis of radiated sound from the trail- 
ing edge wake sheared layer of USB using experimentally obtained fluctuating 
velocity characteristics is presented in a paper to be presented in the AIAA 
aeroacoustlcs conference in July 1976 (ref. 13). The final expression for 
the radiated sound pressure per unit area of shear layer per unit solid angle 
in the direction from the flow direction and per unit frequency at a 
frequency of u, 0(4/, o)) is given as 
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where 


M is the flow Mach number based on ambient speed of sound 

Kq(x) is the zeroth order modified Bessel function 

dU/dz' is the velocity gradient in the sheared layer. 

The flow characteristics were measured using two single hot wires for a 
configuration shown in figure 8 in the mid-spnn just downstream of the trailing 
edge. A rectangular nozzle with aspect ratio of 8 and exit area of 20.26 
square centimeters was used. The wing and flap consisted of 60° flap angle 
with 7.62 cm radius of curvature. The flow length, defined as the length be- 
tween the nozzle exit to the trailing edge of the flap, was 21.8 cm. The follow- 
ing values were obtained from the hot-wire correlation and velocity and 
turbulence intensity measurements for maximum velocity, convection velocity, 
and length scales: 


U = 74.4 m/s 
U(. = 67 m/s; 
Ljj = 0.85 cm 
Ly = 0.35 cm 
6 “ 0.8 cm 


Uc/U » 0.9 


^x^^^ — 2.4 


Shear layer thickness 6 is defined as the height from 10% to 90% of maximum 
velocity. 

Ai's and ki's are determined using the measured auto correlation function 
shown in figure 9 as 


Aj = 0.7, 
oj = 0.32, 


Aj = 6.3, 
02 ~ 1.4, 


= 3.0 


03 « 20.0 


One-third octave band sound pressure levels are calculated using these 
values of flow properties in equation (2) in various directions at center fre- 
quencies of 400, 1600, and 6300 Hz. These results are compared with the 
measured radiated sound in figure 10. Comparison is also made in figure 11 be- 
tween measured and calculated one-third octave band sound pressure level 
spectra in the direction of 10° to the flow. It may be observed from these two 
figures that there is a favorable agreement, particularly in the high-frequency 
region. The theoretical calculations may be improved if the turbulence 
properties aie measured more precisely by considering the components of each 
direction. This may be accomplished with more sophisticated hot-wire system or 
laser veloclmeter developed recently at Lockheed. 

This analysis illvistrates that, for a practical upper surface blown flap, 
the turbulent mixing in the vicinity of trailing edge is a dominant noise 
source. The radiated noise is primarily a function of the flow parameters in 
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the trailing edge wake. However, in order to estimate the effect of geometric 
and operational parameters on noise characteristics, it is necessary to establish 
the reiationship between the trailing edge flow characteristics and the various 
parameters. But, to do so would require extensive e'^nerimental measurements 
which are not available at the present time. Thcr, e, using the systematic 
far-field sound measurements for various configurations and with the physical 
reasonings, an empirical method of USB noise-prediction method has been 
developed. 


EMPIRICAL METHOD OF NOISE PREDICTION 




-SM 


In developing a noise-prediction program, an attempt is made to generalize 
the observations made in the extensive flow and acoustic data base and to in- 
corporate them in the empirical model. Since the primary interest is in the 
direction below the wing, it is assumed that the dominant noise is from the 
trailing edge source. Therefore, the noise levels should be correlated with 
the gross parameters in the trailing edge wake such as velocity, turbulence, 
and jet thickness at tht 'railing edge. However, at the prese t state of the 
art, it is not possible to relate these trailing edge parameters to operational 
and geometric parameters. Thus, the empirical relations are derived using the 
readily available engine and wing/flap parameters. General variation of noise 
characteristics as a function of geometric and operational parameters is 
discussed briefly. 


Nozzle Area and Shape 


1 

'1 




1 




The radiated sound intensity is found to be directly pr lortional to the 
nozzle area. Generally, tne noise levels increase as the aspect ratio de- 
creases. For noise prediction, spectral shape is assumed independent of shape. 


Nozzle Exit Velocity 

The sound intensity is found to increase as the jet velocity increases; 
the velocity exponent varies from 5.0 to 7.5 depending on the direction as shown 
in figure 12. The frequency is directly prcportional to the jet velocity. 


Radiu.s of Curvature 

The magnitude and spectral characteristics are independent of radius of 
curvature, which means the sound intensity and spectral distribution do not de- 
pend on the sharpness of tlie flow turn provided that the flow was completely 
turned and attached to the complete longitudinal length of the flap surface 
without flow separation. 
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t . . Length 

Flow length appears to be an important parameter. As the flew length in- 
creases, both the sound Intensity and the frequency of the spectrum decrease. 
This is due uo the reduction in velocity and perhaps due to increase in the jet 
thickness at the trailing edge. 


Fxap Angle 

For a constant angle with respect to the flap (flow direction in the 
trailing edge wake), the sound intensity is indeperi.'.ent of the flap angle. How- 
ever, the peak frequency of the spectrum is reduced as the flap angle is in- 
creased. Again, this may be due to increase in the jet thickness as the flap 
angle Increases. 

An illustration of nondimensional spectral distribution derived from the 
data to develop the predict 'on procedure is given in figure 13. Here, it is 
assumed that the sound pressure varies as jet velocity raised to the power 
7, and the nondimensional frequency is a function of flow lei.gth, jet velocity, 
and flap angle. It nay Lu observed in this figure that the data collapse very 
well using these variables for different jet velocities, il. length, and flap 
angles. 

The development of this empirical method for USB noise prediction Is still 
in progress. However, the preliminary formulation us^ng the data from small- 
scale model static tests with the jet flow at «mblent temperature is given 
below. 

vJ 

*4’) Ajj D 

SPLCSfj) = 10 log +10 log ^ - 20 log ^ 


- 10 log (ARn)1/3 + Ki(6") + ko((^) 


(3) 


where 


Sn 

fc 

^f 

n(0",0) 


nondimensional frequency (Strouhal number) 
center frequency of one-third octave band 
flap angle (radians) 

velocity exponent as a function of direction, 6" and 
(for definition of 0" and 4* see figure 12) 
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Vj 

jet velocity (m/s) 


Vo 

reference velocity “ 180 m/s 



nozzle exit area (m^) 



2 

reference nozzle area > 1 m 


R 

distance from nozzle to measurement location (m) 


Ro 

reference distance = 1 m 


ARn 

aspect ratio of nozzle (wldth-to-height i itio) 


Dh 

hydraulic diameter of the nozzle exit (m) 


The noise levels are calculated using equation (3) for small scale model 
and large scale model static cases. These results are compared with the mea- 
sured data in figures 14 and 15. The agreement is very reasonable. 

Until 

more data are available and analyzed, the effect of aircraft 

motion 


may be incorporated in the same way as given In reference 13. The preliminary 
indications of the recent data from Lockheed's Acoustic Free-Jet facility are 
that the spectral characteristics of sound change as the free-stream flow is 
introduced. The high-frequency noise does not reduce in the aft quadrant. The 
examination of the flow characteristics revealed that the jet flow separated 
from the surface just ahead of the trailing edge with the forward speed. There- 
fore, it is necessary to consider this aspect 'f the problem in analyzing and 
interpreting th data on the forward speed effect. 


CONCLUDING REMARKS 


An empirical noise prediction method has been developed using the extensive 
acoustic experimental data for USB configuration. The method is simple to use 
and correlates reasonably well with the available static test data. The effect 
of forward speed and the ground reflections for the case of aircraft in flight 
may be easily incorporated in the program. 

It is conjectured from the experimertal data that the noise generated in 
the vicinity of the trailing edge is a dominant source contributing to the radi- 
ated sound field in the direction below the wing. A mathematical model has been 
developed to predict the directivity and spectral distribution of the noise 
generated in the sheared layer of the trailing edge wa j. These results are in 
good agreement with the experimcr ' 'ly measured data, which indicate the domi- 
nant noise is generated b> the f < - mixing where the velocity gradient is very 
large. 

The results presented here Indicate that one of the ways of reducing USB 
noise is to modify the shear layer and thus modify the turbulence generation in 
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the trailing edge vake. Accooplishment of this noise reduction requires n>ore 
experimental and theoretical study. 


More exploratory study is necessary to evaluate the flow characteristics 
in the trailing edge in order to correlate the relationship between the trail- 
ing edge flow and the geometric and operational parameters. This would yield 
* better analytical approach to predict the noise levels and also reveal the 
ways of controlling USB noise. 
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APPENDIX 

SYMBOLS 
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Additional symbols used in the text and in figures are defined in this 
appendix. 
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Lp 

Lx 
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Rc 
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aspect ratio 
chord 

nozzle height 
flow length 

longitudinal length scale of eddy 
spanwise length scale of eddy 
flap radius of curvature 
correlation function 
mean velocity 
jet exit velocity 
nozzle location 
separation distance 

streamwise location of first hot wire 
streamwlse location of second hot wire 
spanwise location of first hot wire 
spanwise location of second hot wire 
lateral position of first hot wire 
lateral position of second hot wire 

angle from forward axis of the jet in the flyover plane 
angle of the wing surface in the flyover plane 

angle from trailing edge surface in the fjyover plane (see fig. 12) 
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nozzle impingement angle 
density of the flow 

azimuthal angle (angle from the wing plane) 
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Figure 2.- Typical spectral distribution as a function of various 
angles in the flyover plane. 
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Figure 3.- Effect of flap angle on sound spectrum in flyover plane. 
0 = 90°; Rc “ 7.62 cm; Lp = 22.66 cm; Vj = 215 m/s; 

AR of nozzle =4; X = 20% C; ©n “ 20°. 
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Figure 4.- Effect of jet velocity on spectral distribution in flyover 
plane. 0 = 90°; R^. = 7.62 cm; Lp = 22.66 cm; AR of nozzle = 4; 

X = 20% C; 0N = 20°. 
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Figure 5.- Effect of nozzle surface diffraction on radiated sound in 
narrow-band analysis. 0 = 90°; Rj. = 7.62 cm; Lp = 22.66 cm; 

AR of nozzle =4; X = 20% C; 0^ = 20°; Vj = 215 m/s. 
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Figure 6.- Typical velocity and turbulence intensity profiles just 

downstream of trailing edge. 
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Figure 11.- Comparison between calculated and measured spectra. 
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Figure 12.- Velocity exponent for USB noise. 
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VjinVsec) Lp(cm) x(%C) ^ 

O 215 17.2 35 3 

A 215 23.1 20 3 

□ 215 20.4 20 3 



PREDICT ION (EQUATION 3) 

n MEASURED 



Figure 14.- Comparison of empirical prediction with experimental data 
in flyover plane. Ajj - 20.25 cm^; /iR of nozzle = 4; <Sf = 30°; 
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